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Viscosity is a fundamental physical parameter that influences diffusion in biological processes. The 
distribution of intracellular viscosity is highly heterogeneous, and it is challenging to obtain a full map of 
cellular viscosity with detailed organelle information. In this work, we report 1 as the first fluorescent 
viscosity probe which is able to quantitatively map cellular viscosity with detailed organelle information 
based on the PET mechanism. This probe exhibited a significant ratiometric fluorescence intensity 
enhancement as solvent viscosity increases. The emission intensity increase was attributed to combined 
effects of the inhibition of PET due to restricted conformational access (favorable for FRET, but not for 
PET), and the decreased PET efficiency caused by viscosity-dependent twisted intramolecular charge 
transfer (TICT). A full map of subcellular viscosity was successfully constructed via fluorescent ratiometric 
detection and fluorescence lifetime imaging; it was found that lysosomal regions in a cell possess the highest 
viscosity, followed by mitochondrial regions. 

Fluorescence imaging in living cells is a powerful technique to study biological systems in vivo 1 . By attaching a 
sub-cellular targetable group, fluorescent probes are able to detect target analytes and reveal a diverse range 
of physical/chemical properties in specific regions of a cell 2 ' 3 . However, the distribution of intracellular 
targets is often highly heterogeneous. It is very challenging to obtain a full map of cellular targets with detailed 
organelle information. Among various cell properties, viscosity is a fundamental physical parameter that influ- 
ences diffusion in biological processes, such as protein-protein interactions, signal transduction and transporta- 
tion of small solutes, macromolecules, and other cellular organelles in living cells 4 . It has been reported that local 
microviscosity in cells varies from 1 to 400 cP 5,6 ; changes in intracellular viscosity are related to several diseases, 
such as atherosclerosis 7 , Alzheimer's disease 8 and diabetes 9 . In recent years, viscosity detection is mainly done 
using molecular rotors, whose twisted intramolecular charge transfer (TICT) and associated emission properties 
depend on solvent viscosity 410 . The correlation between their fluorescence intensity and/or fluorescence lifetime 
and solvent viscosity makes them suitable probes for imaging viscosity in living cells via intensity-based res- 
ponses 5 ' 6,11 " 16 or fluorescence lifetime imaging 6,1719 . By affixing a organelle-specific group, molecular rotors can 
examine viscosity in membranes 11,13,14,18,20 , lysosomes 21 and mitochondria 22 . Unfortunately, molecular rotors lack 
the ability to probe viscosities of the entire cell across different organelles, which is important for understanding 
intracellular reaction kinetics and developing diagnostic and treatment strategies. In order to get a full map of 
cellular viscosity and discriminate viscosities of different organelles with high sensitivity in vivo, new methods to 
design fluorescent viscosity probes are required 23 . 

Photoinduced electron transfer (PET) is an important principle for designing fluorescent probes in a typical 
molecular format of 'fluorophore- spacer- receptor', which translates recognition events into emission intensity 
changes 24 . The intramolecular PET process, from an electron donor moiety to an electron acceptor moiety in a 
singlet excited state, can be modulated by changing redox potentials of the donor/acceptor pair 25 , varying the 
donor- acceptor distance 26 and mutual orientation 27 , switching molecular conformations 28 " 30 , and so forth. Due to 
the correlation between these factors and PET rates, fluorescent probes for pH 31 , cations 24 , anions 32 , solvent 
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Figure 1 | Structures of compounds 1 (a) and 2-4 (b); In the TICT state of 1, N x is positively charged as highlighted by the pink circles [a(ii) and (iv)] , in 
contrast to delocalized charge in the ICT state [a(i) and (hi)], (c) Crystal structure of 1; hydrogen atoms have been omitted for clarity. 



polarity 33 , and conformational dynamics of macromolecules 34 , have 
been developed. In these applications, the dynamic range and sens- 
itivity of PET probes can be adjusted accordingly, i.e., by changing 
substituents 35 . Moreover, a strong correlation between viscosity and 
PET has also been established, mainly ascribed to the viscosity- 
dependent molecular conformational changes 36 " 38 or diffusion rate 
variations 39,40 of the donor/acceptor system. However, to our know- 
ledge, no studies on PET-based fluorescent probes for imaging vis- 
cosity in biological systems have been performed. 

Here, we report 1 (Figure la) as the first fluorescent viscosity probe 
which is able to quantitatively map cellular viscosity with detailed 
organelle information based on the PET mechanism. In this com- 
pound, aniline is selected as a PET donor because of its low pKa value 
and high electron transfer efficiency, allowing 1 to circumvent the 
interference from proton and metal ions under biological conditions; 
anthracene is linked to the aniline nitrogen, and plays two roles: 
firstly, to make the PET donor more sensitive to viscosity owing to 
enhanced interactions with solvent molecules, and, secondly, as a 
donor of fluorescence resonance energy transfer (FRET) when paired 
with an acceptor of 1,8-naphthalimide to give a ratiometric signal 41 . 

Results 

The FRET effect can be rationalized by considering the absorption 
and emission spectra of 1-3 (Figure 1). The absorption spectrum of 1 
exhibits two peaks centered at 370 nm and 440 nm, contributed by 
anthracene and 1,8-naphthalimide moieties, respectively (Figure SI). 
The similarity between the UV- Vis absorption spectrum of 1 and the 
sum of those of 2 and 3 indicates that the ground state interactions 
between these two moieties are negligible (Figure SI); the spectral 
overlap between the emission of 2 and the absorption of 3 further 
suggests that anthacene/ 1,8-naphthalimide are a good FRET pair 
(Figure S2). Indeed, the crystal structure of 1 shows that the distance 
between anthracene and 1,8-naphthalimie is only 3.98 A (Figures lc 
and S3; Tables SI and S2), ensuring efficient FRET. Consequently, 
the conformational change of 1 could be monitored via FRET from 
anthracene to 1,8-naphthalimide. 

The viscosity sensing properties of 1 were examined in ethylene 
glycol-glycerol mixtures with viscosity varying from 20.5 cP to 
945 cP. When excited at 370 nm (Figure 2a), the emission band of 



1 ,8-naphthalimide centered at 540 nm was very weak in low viscosity 
solvent, but increased considerably as solvent viscosity escalated (34 
fold enhancement). When only 1,8-naphthalimide was excited by 
430 nm light, 38 fold enhancement of 1,8-naphthalimide emission 
was observed (Figure 2b). Similar to the effect of raising solvent 
viscosity, lowering the temperature of ethylene glycol-glycerol mix- 
ture (40/60, v/v) from 35 to — 42°C also led to a considerable fluor- 
escence enhancement (23 fold; Figure 2c). In addition, the 
fluorescence lifetime increased from 2.7 to 5.5 ns when solvent vis- 
cosity rose from 20.5 to 945 cP (Figure 2d). The insets in Figure 2 
exhibited a good linearity between changes of fluorescence intensity 
and the viscosity/temperature of the solvents (also see Supporting 
Information). Notably, the ratio of the emission intensities of 1 at 540 
and 415 nm (I 5 4o/I 4 i 5 ; Figure 2a) and the fluorescence lifetime at 
540 nm (Figure 2d) demonstrated a strong linear correlation with 
solvent viscosity on a logarithmic scale. Therefore, 1 could be used to 
detect viscosity via ratiometric fluorescent imaging or fluorescence 
lifetime imaging, which are independent of probe concentration and 
provide a built-in correction for environmental effects. 

The potential for interference from proton and metal ions with 1 
was then evaluated. The UV-Vis absorption spectra of 1 exhibit little 
dependence on the pH values of solvents (Figure S4a). The fluor- 
escence of 1 at 540 nm remained weak between pH 10.3-3.6 and then 
gradually increased from pH 3.6 to pH 2.3 due to the inhibited PET 
process via protonation of the aniline amine (Figure S4b), but by only 
a 5 fold enhancement. The pKa value of 1 was determined to be 3.1. 
This is in contrast to the strong pH dependence of NR, another 
popular lysosome-specific dye (Figure S4c and d). Moreover, the 
emission profile of 1 was unperturbed in the presence of metal ions, 
indicating negligible interactions with metal ions (Figure S5). 

The effect of solvent polarity was also evaluated. Probe 1 exhibited 
typical ICT character. The fluorescence spectrum demonstrated a 
distinct bathochromic shift and the fluorescence quantum yield 
decreased substantially with increased solvent polarity (Table S3). 
Significantly, the quantum yield of 1 in glycerol was 0.365, which was 
much higher than those in other solvents. In the mixtures of water- 
glycerol, or ethanol-glycerol, with varied viscosity, 1 displayed 
almost the same ratiometric response to solvent viscosity as that in 
ethylene glycol-glycerol mixtures (Figures S6 and S7). These results 
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Figure 2 | Fluorescent spectra of 10 uM 1 (a) in ethylene glycol-glycerol mixtures with varied solvent viscosity (rj) y excited at 370 nm. Inset: the linearity 
between Iog(l 54 o/i4i5) and logrj; (b) in ethylene glycol-glycerol mixtures, excited at 430 nm. Inset: the linearity between logl 5 4 0 and log/7; ( c ) at different 
temperatures in ethylene glycol-glycerol mixture (40/60, v/v), excited at 370 nm. Inset: the linearity between \og(I 540 l I 4 i 5 ) and temperature, 
(d) Fluorescence lifetime of 10 uM 1 at 540 nm in ethylene glycol-glycerol mixtures with varied solvent viscosity. Inset: the linearity between 
logT and logrj. 



indicated that the fluorescence increase and ratiometric responses of 
1 were highly sensitive and selective to solvent viscosity. 

We then examined the performance of 1 in living cells. MCF-7 cells 
were incubated with 3 [iM 1 and they rapidly exhibited green fluor- 
escence (Figure S8a). The fluorescence intensity gradually increased 
(Figure S8b-c) and reached equilibrium after ~3 min (Figure S8d). 
The strong fluorescence was confirmed not from the binding of 1 
with proteins (Figure S9). These experiments showed that 1 could be 
used to image viscosity in living cells. The cytotoxicity of 1 was also 
examined in MCF-7 cells by a MTT assay (Figure S10). The results 
showed that over 90% MCF-7 cells survived after 12 h (5.0 jiM 1 
incubation) and the cell viability remained at —70% after 24 h, dem- 
onstrating that 1 was of low toxicity toward cultured cell lines. 

In order to identify organelles from the fluorescence imaging of 1 
in cells, we then carried out fluorescence localization by co- staining 
cells with commercially available organelle- specific dyes (Figure 3). 
The highly green fluorescent regions with 1 (Figure 3a) and signals 
from NR (Figure 3b) overlapped perfectly (Figure 3c), indicating that 
these fluorescent regions were localized at lysosomes. Furthermore, 
the weak green fluorescent regions overlapped signals from the mito- 
chondria tracker TMRM (Figure 3f), suggesting that these regions 
were mainly localized at mitochondria (Figure 3g). 

To further ensure the accuracy of organelle localization of 1, co- 
staining of 1 with a variety of organelle-specific dyes in the same cell 
was performed (Figure 4). Another mitochondria- specific dye, 
MitoTracker Deep Red FM, with the emission window of 650- 



670 nm (Figure 4c), and NR (580-610 nm; Figure 4b) were used 
in addition to 1 (Figure 4a). Figure 4e showed that the fluorescence 
of 1 and signals from NR and Deep Red FM overlaid perfectly in the 
same cell. 

Co -staining experiments of 1 with NR were also conducted in 
other cell lines including SMMC 7721 cells (Figure Sll), BV2 cells 
(Figure S12), cardiac muscle cells (Figure S13), Hela cells (Figure 
SI 4), PC 12 cells (Figure SI 5) and neural stem cells (Figure SI 6), to 
test the universality of 1 and verify the organelle location profile. The 
results were consistent with those found in MCF-7 cells; that was, 
lysosome regions exhibited the strongest fluorescence. These experi- 
ments demonstrated that lysosomes had a higher viscosity than other 
organelles in cells; and probe 1 was potentially useful as lysosome and 
mitochondrial trackers. 

Remarkably, 1 is able to provide quantitative information about 
cell viscosity, owing to its competence of performing ratiometric 
fluorescent imaging and fluorescence lifetime imaging. Two-photon 
microscopy (TPM) was employed to map the intracellular viscosity 
ratiometrically (Figure 5). Although the fluorescence in the blue 
channel (Figure 5b) was weaker than that in the green channel 
(Figure 5c), both channels exhibited relatively brighter fluorescence 
in lysosome regions. Based on the ratio values (Figure 5d) and the 
calibration curve (Figure 2a), the viscosities of lysosome regions, 
colored in purple to red, were determined ranging from 130 ± 20 
to 175 ± 20 cP; the relatively lower viscosities of mitochondria, 
colored in blue, were found to vary from 60 ± 20 to 120 ± 20 cP. 
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Figure 3 | Fluorescence co-localization imaging of MCF-7 cells stained with 3.0 uM 1 and 3.0 uM NR for 3 min at 37 °C (a-d) or 3 uM MitoTracker 
TMRM for 3 min at 37°C (e-h). (a) Image from 1. ^ ex = 405 nm, ^ em = 530-570 nm; (b) image from NR. ^ ex = 559 nm, ^ em = 580-610 nm; 
(c) merged image; (d) bright-field image; (e) image from 1. ^ ex = 405 nm, ^ em = 530-570 nm; (f) image from MitoTracker TMRM. ^ ex = 559 nm, 
l em = 570-610 nm; (g) merged image; (h) bright-field image. Scale bars = 20 (am. 



A quantitative viscosity map of a single MCF-7 cell was also 
obtained by fluorescence lifetime imaging with high spatial resolu- 
tion (Figure 6a). The lysosome regions colored in cyan had longer 
lifetimes from 3.3 to 3.4 ns. According to the calibration curve 
(Figure 2d), the viscosity in these regions varied from 100 ± 20 to 
130 ± 20 cP, which was in good agreement with results obtained by 
ratiometric detection. To further confirm the presence of lysosomes 
in these areas, dexamethasone, a lysosome stabilizer, was used to 
stimulate the cell (Figure 6b-e). After 30 min, the lifetime of the 
lysosome regions changed to 3.5-3.7 ns, indicating that the viscosity 
increased to 140-160 cP. In this way, the dynamic changes of cellular 
viscosity in the MCF-7 cell could be tracked by fluorescence lifetime 
imaging. 

Discussion 

The fluorescence enhancement of 1 with solvent viscosity is attrib- 
uted to three factors, all related to the inhibition of the PET 
process from the aniline nitrogen to 1,8-naphthalimide. The first 
factor concerns the relative position between N x and N 2 in 1 
(Figure la). With the U-shaped alignment [Figure la(iii-iv)] 
instead of the N-shaped one [Figure la(i-ii)], the two nitrogen 
atoms are much closer to each other, and their molecular orbitals 
have a substantially larger overlap 28 . Therefore, the PET rate in the 
U-shaped conformer is higher, leading to more effective fluor- 
escence quenching 28 . In a low viscosity solvent, the aniline part 
together with anthracene is free to rotate, thus adopting a con- 
formation, such as the U-shaped one, favoring PET and affording 
low emission intensity. In contrast, 1 is restricted to a N-shaped 
conformation in a highly viscous environment, reducing the PET 
rate and boosting the emission intensity; indeed, our DFT calcula- 
tions show that the N-shaped conformer is more stable than the 
U-shaped analogue, and the transition to the less stable U-shaped 



molecular conformational is thus expected to be hindered in a 
high viscosity solvent (Figures S17-S19; Tables S4-S7). 

The second factor regards the relative alignment of anthracene 
and 1,8-naphthalimide moieties. Our TD-DFT calculations suggest 
that the PET rate is higher when the anthracene and 1,8-naphthali- 
mide moieties do not possess strong interactions (Figure SI 7a). This 
is reflected by a larger oscillator strength (f= 0.3733) in HOMO-2 
LUMO transition corresponding to the excitation of 1,8-naphthali- 
mide; yet, the PET donor electrons are located in the HOMO; and the 
excitation transitions from HOMO to higher molecular orbitals 
(MO) is negligible. This energy level configuration results in a high 
probability of PET quenching due to the HOMO HOMO-2 trans- 
ition. When 1 possesses a folded conformation with a strong n-n 
stacking interaction, that is, anthracene and 1,8-naphthalimide moi- 
eties are facing each other, the HOMO-2 — » LUMO transition 
becomes weaker (f = 0.1217) and the HOMO electrons have an 
increasing tendency for HOMO — » LUMO transitions (f = 
0.1066), leaving a lower probability of HOMO HOMO-2 transi- 
tions and the associated PET quenching (Figure SI 7b). Interestingly, 
although this folded conformation of 1 does not favor PET, it boosts 
the FRET efficiency, owing to a closer distance between anthracene 
and 1,8-naphthalimide moieties. The above mentioned two factors 
are consistent with the viscosity-dependent conformational 
dynamics which influences the PET rate 36 " 40 . 

The third factor controlling the PET rate in 1 is associated with the 
nature of the optical excitation in the 1,8-naphthalimide fluoro- 
phore, i.e., intramolecular charge transfer (ICT) or TICT. The 
presence of both excitation mechanisms is reflected by the double- 
exponential decay of the fluorescence lifetime test data (Figures S20 
and S21; Table S8); the short-lived component (x ~ 2 ns) is attrib- 
uted to ICT emission and the long-lived one (x ~ 7 ns) is assigned to 
TICT emission. In the TICT excited state, the positive charge is 
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Figure 4 | Fluorescence imaging of a MCF-7 cell co-stained with 1, NR and Deep Red FM. (a) Fluorescence imaging of 1 (5.0 uM) (Channel 1: 
^ ex = 405 nm, ^ em = 530-570 nm). (b) Fluorescence imaging of NR (5.0 uM) (Channel 2: ^ ex = 559 nm, km = 580-610 nm). (c) Fluorescence 
imaging of MitoTracker Deep Red FM (5.0 uM) (Channel 3: ^ ex = 640 nm, X em = 650-670 nm). (d) Bright field image, (e) Merged images of (a), 
(b) and (c). Scale bars =10 (am. 
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Figure 5 | TPM ratio images of MCF-7 cells stained with 5 uM 1. 

ratio image. Scale bars =10 (am. 
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condensed around N x [Figure la(ii) and (iv)], causing a stronger 
electrostatic attraction between the PET donor and acceptor, de 
Silva et al. have demonstrated that the PET rate can be enhanced 
by the molecular electric field formed between the donor and 
acceptor 42 ; owing to a larger molecular electric field, the PET rate 
corresponding to the TICT excited state is thus expected to be higher 
than that of the ICT state, resulting in a very low emission intensity in 
a low viscosity solvent. As solvent viscosity raises, the relative weight 
of ICT state increases, while that of TICT state drops; consequently, 
PET rate decreases, leading to a stronger emission in 1. 

In a high viscosity solvent, the conformation of 1 is probably best 
represented by the molecular structure in the crystal environment 
(Figure lc). This conformation is N-shaped, and favorable for FRET, 
but unfavorable for PET; in addition, ICT excitation becomes more 
dominant. As a result, the emission of 1 was substantially enhanced 
(>34-fold) as solvent viscosity increased from 20.5 to 945 cP, largely 
owing to the decreasing PET rate (Figure S22). In contrast, the con- 
trol compound 4 (Figure lb), in which no PET is involved, experi- 
enced only a 5 -fold emission enhancement, due to the suppression of 
TICT formation (Figure S23); previously reported molecular rotors 
without the PET mechanism also exhibit considerably lower sens- 
itivity on solvent viscosity, in comparison to l 43 . Interestingly, the 
strong fluorescence enhancement in Figure 2b (where the excitation 
wavelength is chosen in such a way that no FRET occurs) suggests 
that FRET is not a compulsory condition for the viscosity dependent 
emission intensification. Rather, the sterohindrance of anthracene 
makes it more sensitive to viscosity; and it is anticipated that chan- 
ging anthracene to another bulky moiety without FRET with 1,8- 
naphthalimide could also make the PET system sensitive to viscosity 
changes (but with the risk of losing the capability of ratiometric 
fluorescent imaging as in 1). 



In conclusion, we have designed a PET fluorescent probe 1 for 
quantitatively mapping viscosity in living cells via fluorescent ratio - 
metric detection and fluorescence lifetime imaging. Lysosomal 
regions are revealed to have the highest viscosity, followed by mito- 
chondrial regions in the MCF-7 cell. The viscosity- dependent fluor- 
escence increase of 1 is mainly attributed to the inhibition of the PET 
process from the aniline nitrogen to 1,8-naphthalimide; the intro- 
duction of the PET mechanism in addition to the conventional TICT 
rotor design in 1 greatly improves its sensitivity on solvent viscosity, 
i.e., ~6 times larger than that of 4, in which only the TICT mech- 
anism is involved. This new design concept affords a promising route 
for the development of viscosity probes with enhanced sensitivities. 
Lastly, it should be pointed out that 1 is only sensitive to viscosity 
higher than —60 cP (Figures 2 and 3). Developing new fluorescent 
probes functioning in the low viscosity region (<60 cP) is the subject 
of our future work. 

Methods 

Viscosity measurements. The viscosity of the ethylene glycol/glycerol mixtures at 
25°C was measured according to a previously reported method 17 . 

Cell incubation and cytotoxicity experiment. The mammalian cells MCF-7, Hela, 
BV2, PC12, 7721, myocardial cell, and neural stem cell were obtained from Institute 
of Basic Medical Sciences (IBMS), Chinese Academy of Medical Sciences (CAMS). 
These cells were cultured in Dulbecco's modified Eagle's medium (DMEM, 
Invitrogen) under standard culture conditions (atmosphere of 5% C0 2 and 95% air at 
37°C), and supplemented with 10% fetal bovine serum (FBS). 

The cytotoxic effects of sensor 1 were performed by reducing 3 -(4,5- 
dimethylthiahiazol-2-yl)-2,5-diphenytetrazolium bromide (MTT) to formazan 
crystals using mitochondrial dehydrogenases. Briefly, MCF-7 cells were seeded in 96- 
well microplates at a density of 1 X 105 cells/mL in 100 uL of medium containing 
10% FBS. After 24 h of cell attachment, the plates were washed with PBS (100 uL/ 
well). The cells were then cultured in a medium with 10 uM Rlyso/R for 12 h. Six 
replicate cells in a culture medium without fluorescent dyes were used as the control 
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Figure 6 | (a-e) Fluorescence lifetime imaging (at 550 ± 25 nm) of MCF-7 cells stained with 5 uM probe 1 and stimulated by 5 uM dexamethasone for 
different durations; (f-j) fluorescence lifetime histograms corresponding to (a-e), respectively. Scale bars = 5 um. 
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groups. MTT (10 uL, 5 mg/mL) in PBS was subsequently added to each well. The 
plates were then incubated at 37°C for 4 h in a 5% C0 2 humidified incubator. The 
medium was carefully removed, and the purple products were lysed in 200 uL DMSO. 
The plate was shaken for 10 min, and the absorbance was measured at 570 and 
630 nm using a microplate reader (Thermo Fisher Scientific). Cell viability was 
calculated based on the following formula: Cell survival rate = average A570 nm of 
the treated group/average A570 nm of the control group X 100%. 

Fluorescent imaging. The mammalian cells including MCF-7, Hela, BV2, PC12, 
7721, myocardial cell, and neural stem cell were seeded in 24- well flat-bottomed 
plates and then incubated for 24 h at 37°C under 5% C0 2 to reach 70-90% 
confluency. These cells were used in co-localization experimentation. Sensor 1 
(5 uM) was then added to the cells and incubated for another 30 min. The cells were 
washed three times with phosphate-buffered saline (PBS). Fluorescence imaging was 
performed using an OLYMPUS FV-1000 inverted fluorescence microscope with a 
60 X objective lens. 

Lysosome staining in live cells: Lyso-Tracker Red (LTR, 5 uM) and Neutral Red 
(NR, 5 uM) were used to co-stain the cells. 

Mitochondria staining in live cells: MitoTracker TMRM (3 uM) and MitoTracker 
Deep Red FM (5.0 uM) were used to co-stain the cells. 

Fluorescence lifetime imaging (FLIM). The FLIM was measured with a B&H 
DCS 120 microscopy. The emission was collected through a 535 ±15 nm band pass 
filter. For imaging studies, MCF-7 cells were supplemented with 10% fetal bovine 
serum. The cells were seeded in 24-well flat-bottomed plates and then incubated for 
24 h at 37°C under 5% C0 2 . Sensor 1 (10 uM) was then added to the cells and 
incubated for another 30 min. The cells were washed three times with 2 mL PBS at 
room temperature, and then observed under a confocal microscopy. For cell 
apoptosis studies, MCF-7 cells were stained with 1 (10 uM) for 30 min. 10 uM 
dexamethasone ( 1 mmol/L, DMSO) was then slowly added and fluorescence images 
of the resulting solution were collected after different time durations (0, 6, 10, 20 and 
30 min). 

Computational details. Quantum mechanical calculations were performed on 
representative conformations of 1 using Gaussian 09 44 . These conformations concern 
the relative positions between Ni and N 2 , that is, the N-shaped [Figure la(i-ii)] and 
U-shaped alignments [Figure la(iii-iv)], and the alignment between anthracene and 
1,8-naphthalimide. The geometries of these different conformations of 1 were 
optimized using Becke's three-parameter and Lee-Yang-Parr hybrid functional 
(B3LYP) 45 " 47 and a 6-31G(d) basis set 48 , in ethylene glycol solution, as accounted for 
via the polarizable continuum model (PCM) 4930 . These optimizations were followed 
by single point and time- dependent density functional theory (TD-DFT) calculations 
using B3LYP/6-31 + G(d,p) in order to accurately determine the relative energetic 
stability of all conformers and their excitation mechanisms. More computational 
details are available in the Supporting Information. 
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